We investigate resonant transmission of planar asymmetric metamaterials made from double split-ring resonators. As the symmetry of the unit cell resonator is broken by displacing the two gaps away from the center in opposite directions, a giant amplitude modulation is observed at the fundamental inductive-capacitive resonance due to strong polarization conversion. The modulation is nearly absent when the gaps are moved together in the same direction. This effect persists in metamaterials with different structural designs. and molecule sensing, 18 however, the shortage for devices that can effectively manipulate terahertz waves is constraining their further development. Metamaterials, for its design flexibility, have potential in developing unique integrated devices and components to fill the "Terahertz Gap." [19] [20] [21] [22] [23] [24] Simultaneous control of the metamaterial resonances and the incident terahertz wave polarization may provide additional degrees of freedom.
Metamaterials, with artificial electromagnetic response not attainable with naturally occurring materials, have shown numerous intriguing effects, such as negative refraction, [1] [2] [3] [4] cloaking, 5 and superfocusing. 6 During the past decade, multiple structures have been proposed for the landmark predictions of metamaterial theory, including split-ring resonators ͑SRRs͒, 7, 8 fishnets, 2,4,9 and other stereostructures. 10, 11 Planar metamaterials, with its ease of fabrication, are made from thin metal films with periodic structures at subwavelength scale unit size. Through asymmetric design, the tiny structural refinement may dramatically modify the electromagnetic wave propagation. [12] [13] [14] [15] [16] Terahertz technologies hold the promise for broad applications such as security detection 17 and molecule sensing, 18 however, the shortage for devices that can effectively manipulate terahertz waves is constraining their further development. Metamaterials, for its design flexibility, have potential in developing unique integrated devices and components to fill the "Terahertz Gap." [19] [20] [21] [22] [23] [24] Simultaneous control of the metamaterial resonances and the incident terahertz wave polarization may provide additional degrees of freedom.
In this letter, we investigate the response of metamaterials to terahertz radiation by gradually displacing the two gaps of the double SRRs in opposite directions from the center, thus breaking the mirror symmetry of the structure ͑Fig. 1͒. Through experiments and numerical simulations, we find that symmetry breaking induces a strong amplitude modulation at the inductive-capacitive ͑LC͒ resonance. The modulation is originated from the polarization conversion of the incident terahertz wave from linear to elliptical due to asymmetric electric field distribution in the SRRs.
The planar metamaterial samples are characterized by broadband ͑0.1-4.5 THz͒ terahertz time-domain spectroscopy ͑THz-TDS͒.
24,25 An 8-f confocal THz-TDS system focuses the beam to a 3.5 mm diameter waist which enables a frequency-independent condition for small sample characterization. Five sets of planar SRR metamaterials with 200-nmthick Al structures are fabricated on a 640-m-thick p-type silicon substrate by use of optical lithography. Figure 1͑a͒ shows the general schematic of THz-TDS measurement with a size of the sample array 1.5 cmϫ 1.5 cm. a rectangular SRR unit cell is shown in Fig. 1͑b͒ . Asymmetry in the SRRs is introduced by displacing the gaps gradually away from the center by ␦x =0,4,8,12,16 m, respectively.
A sharp LC resonance is excited if the incident electric field is oriented along the x axis, i.e., perpendicular to the two gaps in each SRR. The amplitude transmission is obtained by ͉t͉͑͒ = ͉E ជ Sx ͑͒ / E ជ Rx ͉͑͒, where E ជ Sx ͑͒ and E ជ Rx ͑͒ are Fourier transformed transmitted electric field of the signal and reference pulses, respectively. Figure 2͑a͒ shows the measured transmission spectra ͉t͉͑͒ through the samples with different levels of asymmetry. For the symmetric structure with centered gaps, the transmission shows a resonance dip approaching 10% at 0.42 THz with a quality factor ͑Q͒ around 7.6. When asymmetry is introduced by displacing the two gaps in the SRR, ͉t͉͑͒ increases significantly to 60% at ␦x =16 m while the resonance frequency redshifts from 0.42 to 0.38 THz with the Q factor decreasing to 3.9. Interestingly, for the SRR patterns with two gaps displaced along the same direction, as shown in the inset of Fig. 2͑b͒ , the transmission spectra exhibit much less modulation and frequency shift with varying ␦x, indicating that the large amplitude modulation and frequency shift for the asymmetric patterns presented in Fig. 2͑a͒ are associated with the lack of mirror symmetry in each unit resonator.
To elucidate the mechanism underlying the observed spectra characteristics of the asymmetric SRRs, finiteelement numerical simulations were carried out using CST Microwave Studio. The unit cell shown in Fig. 1͑b͒ was used in the simulations with a periodic boundary condition. The silicon substrate was modeled as a lossless dielectric = 11.78 and Al had a conductivity of = 3.72ϫ 10 7 S m −1 . The simulated transmissions ͉t͉͑͒ of the SRRs for different ␦x, as shown in Fig. 2͑b͒ match well with all the experimental results given in Fig. 2͑a͒ . The weakening of the resonance with increasing asymmetry is due to the reduced coupling of the metamaterial structure with the free space. 14 The minor redshift is due to increased parasitic capacitance between the nearest neighbor SRRs as the gaps are moved away from the center leading to a redistribution of charges in the rings and an increase in the effective capacitance.
We analyze the electric field and current distributions of the SRRs, and find that the polarization of the incident wave is dramatically changed for all the asymmetric SRRs. As shown in the simulated far-field electrical field distribution in Fig. 3͑a͒ , the polarization of the incident wave was converted from linear into elliptical for ␦x 0 at the LC resonance.
With increasing asymmetry, the azimuth and ellipticity of the ellipse change monotonically. Figures 3͑d͒ and 3͑e͒ depict the electric field distributions at the LC resonance with the gaps displaced 16 m away from the center but along the same and opposite directions, respectively. The arrows indicate instantaneous directions of the electric field. In both cases, the electric field distribution at the corners close to the gaps indicates excitation of dipole moment along the y direction. As expected, for the equidirectional case, the electric field shows mirror symmetric distributions ͓Fig. 3͑d͔͒. The far-field E vector only has the component along x axis, while along y axis, it equals zero due to the cancellation of contribution from the two gaps of each SRR. On the contrary, when the gaps are oppositely displaced from the center of the SRRs, i.e., mirror symmetry is broken, the contribution from the gaps adds up constructively along the y axis at far field, therefore inducing strong transmission modulations and polarization conversion at the LC resonance.
The main features of the aforementioned mechanism can be understood with the help of simple electromagnetic wave equations. To achieve the transmission consistent with the experimental measurements around resonance frequency 0 , we consider the E vector through the reference ͑blank Si͒ as follows:
The incident linear wave interacts with the SRRs and thus has x and y components as follows: 
where ␣e b␦x is the coupling coefficient between the incident field and the SRRs, and cos͑c␦x͒ and sin͑c␦x͒ represent the parallel and perpendicularly coupled-out coefficient, respectively. We thus have the amplitude transmissions: ͉t xx ͉͑͒ = ͉E ជ Sx ͑͒ / E ជ Rx ͉͑͒ and ͉t xy ͉͑͒ = ͉E ជ Sy ͑͒ / E ជ Rx ͉͑͒. The solid squares in Fig. 3͑b͒ show the simulated dip values of ͉t xx ͉͑͒ and ͉t xy ͉͑͒ at the resonance frequency for different ␦x. The solid lines are fittings based on the above E-vector equations. The fitting curve reproduces the numerical data quite well, which corroborates our model for quantitative understanding the results from numerical simulations. According to Ref. 26 , we introduce a polarization conversion rate ͑PCR͒ as PCR = ͉t xy ͉͑͒ 2 / ͉͑t xx ͉͑͒ 2 + ͉t xy ͉͑͒ 2 ͒. Figure 3͑c͒ shows the calculated PCR for different samples, where we found the maximum polarization conversion is observed for the sample with ␦x =8 m and its PCR is more than 60% around the resonance frequency.
To further optimize amplitude modulation of the LC resonance in the planar asymmetric metamaterial patterns, we also design and fabricate other SRR samples with different configurations. We use a capacitance-enhanced structure, by adding up the dimension of the capacitors at the gaps, to attenuate the long side arm coupling effect. The measured and simulated transmission amplitudes of which, as shown in
Figs. 4͑a͒ and 4͑b͒, respectively with ␦x =0,5,10 m, indicate a much less profound frequency shift and Q factor modulation. A crossed structure, as shown in Figs. 4͑c͒ and 4͑d͒ also displays a clear amplitude modulation at the LC resonance but less significant because of their lower level of asymmetry due to original design limitations in the structure. Figures 4͑e͒ and 4͑f͒ show the measured and simulated transmission spectra of circularly configured SRRs with varying asymmetry, in which an even stronger LC resonance amplitude modulation of 66%, compared to the rectangular configuration of 50%, is observed. This could be explained by a distinct variation in the capacitance value due to changes in the opposite areas of the gaps.
In summary, we show that introducing asymmetry in the double SRR metamaterials enables the control of wave transmission and polarization conversion at terahertz frequencies. The fundamental LC resonance amplitude can be strongly modulated along with a minor shift in resonance frequency. The polarization of the incident wave after transmitting through the metamaterial can also be controlled due to asymmetry in the structure. This substantial modulation and polarization conversion effect may provide an alternative toward manufacturing terahertz modulators and polarizers in which the SRR structure could be reconfigured, 27 thus providing a gateway for integrated device applications, such as frequency selection, biosensing, and polarizing in the terahertz regime. 
